Confocal reflection readout thresholds in two-photon-induced optical recording in photoisomerization polymer are studied both theoretically and experimentally. A threshold of the axial response from a planar reflector with a refractive-index change of the order of 10 −2 is revealed. However, the threshold is reduced to 0.006 when strong forward scattering caused by the recorded bits leads to multiple reflection between the bit and the rare surface, which enhances the image contrast and reduces the readout threshold. The quality of the reconstructed bit image is strongly dependent on the refractive-index mismatch at the sample rare interface as well as the distance between the recorded position and the rare surface.
Introduction
Two-photon (2P) excitation, generated by focusing through a high numerical aperture (NA) objective provides an effective method for inducing highly localized refrective-index change in polymers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . This technique has played an important role in many photonic applications including three-dimensional (3D) optical recording and data storage. It has been demonstrated that 2P excitation can induce the refractive-index change in a variety of materials, including photochromic, photorefractive, and photoisomerization materials [2] [3] [4] [5] [9] [10] [11] , although the strength of the refractive-index change varies in those materials. Confocal reflection scanning microscopy is a powerful tool for the image reconstruction of the 3D refractive-index variation in a thick sample due to its nature of preventing the out-of-focus signal [12, 13] . The 2P-induced refractive-index change in photochromic materials is of the order of 10 −2 and has been successfully read out using confocal reflection microscopy [14] [15] [16] [17] . 2P induced refractive-index change in photorefractive polymers is typically less than 1%, and it has been demonstrated that confocal reflection readout exhibits a threshold of the writing power [18] .
The 2P-induced refractive-index change ranges from 0.003 to 0.01 in the azo-dye-dispersed photoisomerization polymer [9] [10] [11] [19] [20] [21] . It can be expected that the confocal reflection readout threshold in this case should highly depend on the recording power as well as the recorded structure shape. Here, we report on the confocal reflection readout thresholds in two cases in the azo-dye-dispersed photoisomerization polymer. One is the planar structures that are much larger than the wavelength of the reading beam [ Fig. 1(a) ], and the other is the array of bits that correspond to the focal size of a recording beam [ Fig. 1(b) ]. The axial response of the planar reflection model [ Fig. 1(a) ] is used to determine the confocal reflection readout threshold both theoretically and experimentally. A scattering model [ Fig. 1(b) ] is used to characterize confocal reflection readout of the 2P-induced refractive-index change, which reveals that the confocal reflection readout threshold is lower than that in the planar layer reflection model.
Confocal Reflection Readout Threshold in a Planar Reflection Model

A. Experiment
To record planar structures in a thick azo-dyedispersed photoisomerization polymer, we prepared a poly(methyl methacrylate (PMMA) medium dispersed with 10 wt:% of Disperse Red 1 (DR1) and a thickness of 19 AE 1 μm. The refractive index of the PMMA sample was measured to be 1:498 AE 0:002 using the traditional Becke line method with a serial of refractive-index liquids (Cargille Laboratories). A linearly polarized Ti:sapphire ultrashort pulsed laser beam of pulse width 100 fs and repetition rate 82 MHz (Spectra-Physics Tsunami) at a wavelength of 720 nm was employed as a light source for 2P excitation. A high NA objective (NA ¼ 1:4) was used to focus the excitation on the sample to induce a layer of the refractive-index change [ Fig. 1(a) ] [9] . In such an experimental configuration, the support region of spatial frequencies partially overlaps the passband of the 3D coherent transfer function [2] .
For confocal reflection microscopy, the same laser beam and objective were used for imaging. The reflected signal was focused by a lens with a focal length of 200 mm onto a pinhole with a diameter of 30 μm in front of the photomultiplier tube. The axial response from the planar reflector scanned axially is a measure of the capability for axial imaging [22] and gives rise the threshold of the recoding power in confocal reflection readout. To readout the axial image of the recording layers, two immersion media were used. One sample was with air at the rare surface (n 3 ¼ 1:0), and the other was with Norland 63 (n 3 ¼ 1:52, Norland Products, Inc.) at the rare surface.
A planar reflector is recorded 5 μm below the first surface by scanning a square of 10 μm by 10 μm in the sample with a power of 11 mW and an exposure time of 300 ms=μm 2 . The transmission image of the recording layer is shown in Fig. 2(a) . The axial images of the recording layer in the sample with the air rare surface are shown in Fig. 2(b) . A similar experiment is performed in the sample with the Norland rare surface, as shown in Figs. 2(c) and 2(d). The first reflection peak corresponds to the coverglass (n ¼ 1:523, Deckglaser)/PMMA sample interface, and the third peak corresponds to the PMMA sample/rare surface. Hereafter we call the former the first peak and the latter the main peak. The middle peak originates from the planar reflection of the recording layer. It is seen that the axial image can be read out when the refractive-index change is large enough.
To demonstrate the threshold effect of the axial response, the recording power is varied to produce planar reflectors with different index changes. The readout intensity of the planar reflection normalized to that from the front surface, which has a refractiveindex mismatch of 0.025 and is detectable in the system, is shown as a function of the recording power in Fig. 3 . There is a clear threshold effect on the axial response from the planar reflector of a small refractive-index change introduced by the DR1 molecules under 2P irradiance. Below a recording power of 11 mW, the refractive-index change is too small to introduce any resolvable axial image response. Above that, the reflection from the refractive-index change layer can be resolved, which corresponds to a calculated refractive-index change of 10 −2 . In particular, the intensity of the axial response increases dramatically when the deformation of PMMA is observed. This threshold effect is consistent with previous results [2, 18] .
B. Theory
To confirm the observation in Figs. 2 and 3, we consider an aberration-free confocal reflection system, when a planar object is scanned along the axis [ 12, 22] . The detected reflection intensity as a function of the defocused distance z can be written as [22, 23] IðzÞ ¼ j ð2:1Þ
where rðθÞ is the reflection coefficient for the planar structure. For linear polarized illumination, the effective reflection coefficient for parallel and perpendicular polarization is given by [22] rðθÞ ¼ ðr σ − r π Þ=2: ð2:2Þ
According to Born and Wolf [24] , the reflection coefficient for the beam through a three-layer structure is
where r 01 and r 12 are reflection coefficients of the first interface and the second interface, respectively. n x and d x are the refractive index and the thickness of the middle medium, respectively. θ x is the refracted angle of the beam inside the middle medium from the normal to the front surface. For the experiment configuration as shown in Fig. 1  (a) , the sample can be treated as a five-layer structure. The reflection coefficients for each interface can be given as
10Þ r 34π ¼ n 3 cos θ 3 − n 1 cos θ 4 n 3 cos θ 3 þ n 1 cos θ 4 : ð2:11Þ Substituting Eqs. (2.4), (2.5), (2.6), (2.7), (2.8), (2.9), (2.10), and (2.11) into Eq. (2.3), we can derive the total reflection coefficient of the five-layer structure. This rigorous theory incorporates the depletion of the incident beam as it travels through the structure, aberration caused by focusing through the refractive media, as well as multiple reflections [22, 23] .
To study the reflection intensity from a planar reflector with a small refractive-index change in front of a large refractive-index mismatched interface, we show in Fig. 4 the numerical analysis of the axial response from the five-layer structure by variation of the refractive index n 3 of the matching materials at the rare surface. Figures 4(a)/4(b) , 4(c)/4(d), 4(e)/4 (f), 4(g)/4(h) are the reflection from the sample when air, water (n 3 ¼ 1:33), Norland, and PMMA samples (n 3 ¼ n 1 ) are at the rare surface, respectively. The right column is the zoom in view of the left column. The refractive-index change of the planar reflector is assumed to be 0.005, recorded 5 μm below the front surface of the sample of a thickness of 0:3 μm and d 3 ¼ 13 μm.
Three peaks are expected, corresponding to the reflection from the front surface, the planar reflector, and the rare surface. It is clear that when there is refractive-index mismatching at the front surface, the main peak loses its symmetry due to the aberration. There is no reflection from the rare surface when the refractive index is completely matched as shown in Figs. 4(g) and 4(h). The sidelobes on the right side of the main peak are dominated by phase aberration, which is determined by the refractive-index mismatch at the front surface. As we increase the refractive index n 3 of the matching materials at the rare surface to match the PMMA sample, the strength of sidelobes in the backwards direction, dominated by multiple reflection, is reduced. In the meantime the absolute reflection intensity from the planar reflector is also reduced due to the exclusion of the multiple reflection contribution [see Figs. 4(c)-4(f) ].
To study the threshold effect of the axial response from the planar reflector, the theoretical calculations of the planar reflection for the samples with the air rare surface and the Norland rare surface are plotted as a function of the refractive index in Fig. 5 . As the reflection from the front surface is approximately constant in both samples, the planar reflection intensity is normalized to that from the front surface. It is clear that for the sample with the air rare surface the planar reflection is stronger than that for the sample with the Norland rare surface. Below the refractive-index change of 0.01, the reflection is weak and barely resolvable. Above the refractive-index change of 0.1, corresponding to the deformation of the polymer matrix, the strength of the axial response is increased dramatically. The axial response threshold effect predicted by the theoretical calculation is consistent with the experimental observation that a refractive-index change of 0.01 or above, corresponding to the recording power of 11 mW or higher, is required.
Confocal Reflection Readout Threshold in a Bit Scattering Model
Now let us turn to an alternation structure where an array of bits is recorded in a thick medium [ Fig. 1(b) ]. The recording and confocal reading system is the same as described before. A pattern consisting of 9 by 9 bits with a bit spacing of 1:5 μm was recorded at 14 μm below the front surface. The recording power is 10 mW, and the exposure time for each bit is fixed at 25 ms, corresponding to 200 ms=μm 2 . We scanned the sample in the axial direction and no confocal reflection signal from the refractive-index change of the recorded bits could be detected near the recording depth position However, the image of the recorded pattern can be reconstructed at the other positions through the multiple reflections between the strong forward scattering of bits and the rare surface. Figures 6(a) and 6(b) show the reflection images reconstructed at 10:3 μm and 15 μm below the front surface, respectively. The readout contrast of the bits is plotted as a function of the reading depth below the front surface, as shown in Fig. 6(c) . The readout contrast profile has two broad peaks shifting away from the recording position with a central position at 10:3 μm and 15 μm, respectively. A possible explanation for the origin of two peaks is the interference between the forward scattering and the multiple reflections, which forms the interference fringes [25] . From Eq. (2.1) the phase of the reflected signal is dependent on the angle of the ray, which leads to the shift of the reflection peaks by approximately 0:5 μm, shown in Figs. 4(a)-4(f). Similarly the angular dependence of the phase of the reflected forward scattering causes the shift of the peak away from the recording position.
To characterize the reconstructed image induced by bit scattering, the pattern was recorded at different depths and readout slice by slice. The readout contrast is plotted as a function of distance d 3 [see Fig. 2(b) ] between the recorded position and the rare surface, as shown in Fig. 7(a) . As d 3 gradually reduces, the confocal reflection readout contrast increases dramatically due to the increased strength of multiple reflection between the forward scattering of bits and the rare surface. This observation is confirmed by changing the matching medium. The image of the recorded pattern cannot be read out in the sample with Norland or water at the rare surface no matter the distance d 3 . As shown in Figs. 4(c)-4(f) multiple reflections become weak, therefore reducing the interference of scattering beam with multiple reflections. Since multiple reflections from the rare surface are enhanced as the refractive index of the mismatching medium increases, a liquid medium with a refractive index of n ¼ 1:78 (Cargille Laboratories) was placed at the rare surface. The image of recorded bits can be reconstructed and the corresponding reflection image contrast as a function of d 3 is shown in Fig. 7(a) . Figure 7(b) shows the reflection image contrast as a function of the refractive index of the mismatching media at the rare interface. It is clear that the scattering-induced reflection image contrast is enhanced as the increase in the mismatching refractive-index at the rare surface. Figure 8 shows the confocal reflection readout contrast as a function of the recording power in the sample with air at the rare surface. The recorded position was fixed at 14 μm below the front surface and exposure time was fixed at 25 ms for each bit. Generally, the recorded bits can be read out when the recording power is above 8 mW, corresponding to calculated refractive-index change of 0.006. As we gradually increase the recording beam intensity, the readout contrast is enhanced. The readout contrast increases dramatically as the recording power is above 13 mW when the deformation of PMMA occurs.
Conclusion
Axial images of the 2P-induced refractive-index change in the azo-dye-dispersed PMMA sample has been investigated both theoretically and experimentally in confocal microscopy. A confocal reflection readout threshold of the axial response from a planar reflector with a refractive-index change of the order of 10 −2 is revealed. However, the threshold is reduced when the recoded pattern is composed of an array of bits. The strong forward scattering caused by the bits leads to multiple refection between the bit and the rare surface, which enhances the image contrast and reduces the readout threshold. The quality of the reconstructed bit image is strongly dependent on the refractive-index mismatch at the sample rare interface as well as the distance between the recorded position and the rare surface. 
